Abstract We provide correlated observations of enhanced dayside whistler-mode waves and energetic electron acceleration collected by the CLUSTER and GOES satellites during the 23∼24 September 2001 storm. Energetic (>0.6 MeV) electron fluxes are found to increase significantly during the recovery phase and the main phase, by a factor of ∼50 higher than the prestorm level. These high electron fluxes occur when strong dayside whistler-mode waves are present. Two-dimensional (2D) numerical simulations are carried out and the results demonstrate that the dayside whistler-mode wave can contribute to such enhancements in electron flux within 24 h, consistent with the observation.
Introduction
Recently, numerous research works have demonstrated that wave-particle interaction contributes significantly to dynamics in space plasmas [1∼5] . During geomagnetic storms, the solar wind dynamic pressure can affect the geomagnetic D st index [6] , and the flux of energetic electrons in the Earth's radiation belt can enhance by a factor of 10 or above from hours to days [7∼9] . These energetic electrons can be modeled by a typical kappa [10, 11] or a relativistic kappa-type distribution [12∼15] . In addition, energetic electrons (also called killer electrons) produce severe hazards to astronauts and satellites in space [16] . The flux variation of energetic electrons are mainly caused by stochastic acceleration and loss via wave-particle interaction [17∼27] , and enhanced inward radial transport [28∼30] .
In order to evaluate dynamic evolution of radiation belt electrons, numerical solutions are required for a one-dimensional or multidimensional Fokker-Planck equation which governs wave-particle interaction. By solving either a 1-D [31] or a 2-D [32] Fokker-Planck equation, previous works have investigated acceleration driven by whistler-mode waves and they have found that whistler-mode waves play a major role in the stochastic acceleration of energetic electrons. However, because it is currently very difficult to meet the observational requirements, there are quite few research works on simultaneous data of excited whistler-mode waves and electron acceleration observed by multiple satellites. In this study, we shall provide an observational analysis and a numerical simulation on the events that occurred during 23∼24 September 2001.
Correlated observation
Observation from the OMNI Data Center (http://omniweb.gsfc.nasa.gov/) shows that, on September 23, 2001, a strong interplanetary shock was triggered by a corotating interaction region (CIR), associated with an intense southward interplanetary magnetic field (IMF), to hit the Earth's magnetosphere. The interplanetary shock compressed the dayside magnetopause inside towards the Earth. Fig. 1(a) shows the time history of geomagnetic activity D st during September 23∼24, 2001. A middle storm with minimum D st = −70 was caused by the magnetic cloud that followed this shock. The pair of arrows indicates the period when dayside whistler-mode waves are enhanced. Fig. 1(b) shows electron flux at energies above 0.6 MeV collected by the GOES-8 EPS instrument at the geostationary orbit during the storm. When the storm starts at 08:40 UT on September 23, electron flux drops rapidly at the onset as the interplanetary shock impacts the Earth's magnetosphere, and then increases during the main phase. Such rapid drops in flux are mainly caused by either the adiabatic loss (D st effect) or the magnetopause shadowing due to inward motion of the dayside magnetopause towards the Earth. Fig. 1(c) plots dayside whistler-mode wave data collected by the Cluster STAFF instrument for 2 h duration at different L-shells. The white lines denote 0.1f ce and 0.5f ce respectively, where f ce is the equatorial gyrofrequency of electrons. In general, the whistler-mode chorus wave lies below the gyrofrequency f ce of electrons and has two bands (0.05 ∼ 0.5)f ce and (0.5−0.8)f ce . The chorus wave basically scales with gyrofrequency of electron. It is shown that the observed wave stays in the frequency range of (0.1 ∼ 0.5)f ce , and roughly increases with increasing gyrofrequency (the white line rising) from L=7.51 to 4.14; and then decreases with decreasing gyrofrequency (the white line falling) from L=4.14 to 7.3. The observed data are comparable to the feature of the lower band of the chorus wave. Dayside whistler-mode waves are found to be greatly intensified, probably excited by an unstable anisotropic distribution of injected ∼10 keV electrons [33] , or potentially through non-linear interactions [34] . Such aforementioned correlated data suggest that the enhanced dayside whistler-mode waves should account for the flux increase of energetic electrons, which will be evaluated in the following. 
Model
Since whistler-mode waves tend to have a maximum growth rate along the magnetic field, therefore in this study we focus on the parallel-propagating whistlermode wave whose dispersion relation takes the form of
where |Ω e | and ω pe stands for local electron gyrofrequency and plasma frequency, respectively; c, ω and k represent respectively the speed of light, the wave frequency and the wave number. During wave-particle interaction, the gyroresonant equation between field-aligned propagating whistlermode waves and electrons is:
where v = vcosα with v being the velocity and α being the local pitch angle of protons, γ is the resonant relativistic Lorentz factor given by γ = (1 − v 2 /c 2 ) −1/2 . In the quasi-linear kinetic theory, wave-particle interactions result in violation of the three adiabatic invariants and diffuse particles in pitch-angle and energy. In general, pitch-angle diffusion pushes particles into the loss cone and yields precipitation of particles, while momentum diffusion causes acceleration of particles at higher pitch angles and hardens the energy spectrum. Investigation of such processes needs to solve a 2D bounce-averaged Fokker-Planck diffusion equation which controls local acceleration and loss processes. In order to check dynamic evolution of the electron flux in this event, we therefore adopt the following 2D bounceaveraged Fokker-Planck equation for the evolution of phase space density (PSD) f [35∼37] :
where α e is the equatorial pitch angle; p is the electron momentum scaled by the rest mass m e ; G = p 2 T (α e )sinα e cosα e with T ≈ 1.30 − 0.56sinα e ; < D αα >, < D pp > and < D αp >=< D pα > denote bounce-averaged diffusion coefficients in pitch angle, momentum and cross pitch angle-momentum, respectively. For a dipolar geomagnetic field model, these diffusion coefficients are derived by [38] :
cosα e cos 4 λdλ, (6) where λ is the geomagnetic latitude, λ m is the maximum latitude where waves are present; D αα , D pp and D αp are local diffusion coefficients given by [39] :
where, n=0, 1, 2, ω r (or k r ) is the solution of the wave dispersion relation (1) and the gyroresonant relation (2); B 0 is the ambient magnetic field strength for a dipolar geomagnetic field model:
Previous theoretical and statistical works have shown that the whistler-mode chorus wave basically satisfies a Gaussian frequency spectrum [38, 40] . To calculate the diffusion coefficients, we choose the whistler-mode waves to be distributed over a Gaussian frequency band with a peak ω m , a half width δω, a lower cutoff ω l , and an upper cutoff ω u :
where B t represents the total magnetic strength in unit of [nT] and the parameter B n is a normalization factor determined by
Due to the difficulty in settings of observation and the limited data in an individual event, it is hard for the observed wave to ideally follow a Gaussian frequency spectrum, we therefore choose some typical parameters representative of the dayside chorus waves around L=6.6 as shown in Table 1 . Following the previous work [41] , we adopt the background number density n = 124(3/L) 4 cm −3 and assume the density n to remain constant along the magnetic latitude.
Numerical results
Since electron flux enhancements during the recovery phase of the storm often last for a longer time and potentially pose more serious space weather hazards than those during the main phase. Hence, in this study we focus our simulations on the recovery phase of the storm: the period of September 23∼24. Moreover, since whistler waves can easily propagate over a broad region of magnetosphere, we assume that the wave activity can last through the recovery phase of the storm. First, we shall evaluate diffusion coefficients and the corresponding PSD evolution of electrons driven by the dayside whistler-mode waves at L= 6.6. 2D bounce-averaged diffusion coefficients for dayside whistler-mode waves are shown in Fig. 2 . The corresponding bounce-averaged diffusion coefficients at different indicated energies are shown in Fig. 3 . Diffusion coefficients are found to sensitively depend on pitch angle and kinetic energy, basically they increase with the equatorial pitch angle, but drop with the increasing kinetic energy. Pitch angle diffusion coefficient < D αα > basically maximizes below 0.5 MeV and at high angles. For < D pp > and < D αp >, they have peaks below 0.3 MeV and at high angles. In particular, all the three diffusion terms have peaks around 40
• . Since energetic electrons usually drift in approximately circular paths eastward with respect to the Earth and intersect the spatial zone of dayside whistlermode waves for more than 25% of their orbit [42] , in the following we apply 25% drift averaging to the simulation. Analogous to the previous work [37] , we perform numerical algorithm for the solution of diffusion Eq. (3) by adopting a split operator technique, an implicit scheme and ADI scheme respectively for diagonal diffusion coefficients and off-diagonal diffusion coefficients. We set the numerical grid as 101 × 101 and uniform in pitch angle and natural logarithm of momentum.
We take a kappa-type distribution function as the initial condition [12] :
here l indicates the loss-cone index, κ represents the spectral index, Γ is the gamma function, θ 2 stands for the effective thermal parameter scaled by m e c 2 . We assume that particles inside the loss cone precipitate into the atmosphere very rapidly. Hence we choose boundary conditions for the pitch angle operator as f = 0 at the loss cone Temporal evolution of PSD at specified times are shown in Fig. 4 (without cross terms) and Fig. 5 (with cross terms), respectively. Comparison between the results without (red lines) and with (black lines) cross terms at specified kinetic energies of 1.0 MeV (upper) and 1.5 MeV (lower) is presented in Fig. 6 . Within 24 h, PSD above 70
• with cross terms can increase by a factor of ∼10 and ∼30 at E k =1.0 MeV and 1.5 MeV, respectively. Meanwhile, within 24 h, PSD above 70
• without cross terms can reach magnitudes of ∼25 and ∼30 times higher than the initial values at E k = 1.0 MeV and 1.5 MeV, respectively. However, ignoring cross terms overestimates electron PSDs at t=24 h by a factor of ∼20 and ∼50 for 1.0 MeV and 1.5 MeV respectively, around 40
• , indicating that the cross diffusion rates play a very important role in wave-particle interaction.
It should be pointed out that, as shown above, the electron PSD increases with time at higher pitch angles, indicating that the chorus wave can indeed efficiently accelerate electrons. However, mechanisms affecting PSD evolution of electrons at L=6.6 include radial diffusion, adiabatic effect, ULF modulation and magnetopause shadowing. The significant enhancement from the short period t1 to t2 is probably induced by the combined contribution from chorus-driven acceleration and ULF modulation associated with the interplanetary shock [29] . It is not realistic for the chorus-driven acceleration alone to fully account for the observed enhancement in flux of electrons. We leave a more realistic study for the future. 
Summary
In this study, simultaneous data of intensified dayside whistler-mode waves and energetic electron energization have bean presented. These correlated data are collected during the 23∼24 September 2001 storm by multiple satellites specifically near the geostationary orbit. Fluxes of electrons with energies above 0.6 MeV can enhance substantially during the main and recovery phases, reaching a peak value ∼50 times higher than the prestorm level. Such a high increase in electron flux is found to correspond to strong dayside whistler-mode wave power. Using a Gaussian wave power spectrum we have performed a 2D numerical simulation, and shown that the dayside whistler-mode waves can produce such enhancements in electron flux within 24 h, consistent with the data. Furthermore, we have found that ignoring cross terms overestimate of electron PSDs by a factor of ∼50 for 1.5 MeV at t=24 h around 40
• , This implies that the cross terms should be incorporated into the simulation of wave-particle interaction. The current study provides an observational support that the waveparticle interaction indeed yields stochastic acceleration of energetic electrons around the geostationary orbit.
In general, PSD evolution of electrons is essentially controlled by the diffusion coefficients associated with parameters of electromagnetic waves: the wave magnetic amplitude and the wave frequency range. Because diffusion coefficients are positively proportional to the square of wave magnetic amplitude (B 2 t ), and the number of resonant wave frequencies increases with the frequency range, the PSD evolution increases when the wave magnetic amplitude and the frequency range increases. Moreover, the wave magnetic amplitude and the wave frequency range are probably different at different L-shells. Hence, a realistic simulation sensitively depends on the parameters of waves and L-shells. A detailed sensitivity analysis is left for a future work.
